INTRODUCTION {#s1}
============

In elderly people, falling frequently leads to deterioration of quality of life and prevention is crucial. Hallux valgus (HV) and lesser toe deformities in elderly people are reported to lower the toe grip force and increase the risk of falls[@r1], [@r2]^)^. In a survey of 403 Japanese people aged ≥65 years, the prevalence of HV was 22.8% and was higher in females compared with males[@r3]^)^. A survey of 6,000 females aged 40--79 years showed that HV increased significantly between the ages of 40 and 50 years, and at age 40, around 10% of females had an HV angle of ≥20 degrees[@r4]^)^. It is presumed that females may already have signs of HV before the age of 40 years, and it is necessary to prevent deformation to cope with changes in physical function with age and living conditions.

Factors affecting HV include length of the first metatarsal[@r5]^)^, stiffness of the foot medial longitudinal arch[@r6], [@r7]^)^, and body mass index (BMI)[@r8], [@r9]^)^. In particular, 71.3% of Japanese people have an Egyptian-type toe shape, where the first toe is longer than the second[@r10]^)^. Compared with males, in females, the medial longitudinal arch is often deformed due to reduced stiffness [@r6], [@r7]^)^ and high BMI[@r9]^)^, and consequently leads to HV. In addition, there is an increased prevalence of HV in females due to external factors such as wearing high-heeled shoes. Therefore, more factors tend to affect the development of HV in females.

In this way, HV that increases the risk of falling in elderly people occurs more frequently in females after middle age. From the viewpoint of future prevention, we examined the morphology and toe muscle strength of young females, the relationship between use of high heel shoes, toe muscle strength, and deformity of the hallux.

PARTICIPANTS AND METHODS {#s2}
========================

Participants were excluded if they were being treated for orthopedic diseases of the lower limbs. We explained the purpose of this investigation verbally and in writing, and obtained consent from the participants. Participants were 103 female university students (age, 20.4 ± 1.6 years; height, 157.9 ± 5.3 cm; weight, 51.6 ± 6.8 kg; BMI, 20.7 ± 2.7 kg/m^2^). A total of 206 feet were measured. The ethics committee of Fukushima Medical University approved this study (approval number 30160).

The HV angle was measured using a foot printer, and it was classified into two groups of divergent aspiration angle ≥16 degrees and \<16 degrees. We examined the two groups for BMI, pain in the foot and toes, heel height (cm) of shoes worn in everyday life, and the number of times (per week) shoes with heels ≥3 cm were worn and compared the arch height and foot toe strength of the feet.

To assess foot morphology, the HV angle and the medial longitudinal arch height ratio of the foot were measured. HV angle was measured using a foot printer (Bauerfeind, Germany) to model the contour of the foot. An outline of each foot was drawn with the participant in the standing position with both feet apart to shoulder width and the weight evenly balanced in both feet. The HV angle was measured as the angle between the line connecting the first metatarsal head and the first phalanx head and the line connecting the first metatarsal head and the calcaneus[@r11]^)^. Using this method, the HV angle was previously reported to be highly correlated (r=0.94) with the HV angle measured by X-ray photography[@r11]^)^.

To determine the medial longitudinal arch height ratio, the height of the most projecting part of the navicular bone from the floor surface was measured using a right-angle ruler, and the ratio to the foot length was obtained. Posture was measured with the foot to be measured placed one step behind, with the weight placed on the back foot. The heights of the navicular bone on the right and left sides from the floor were measured, and the ratios to the lengths of the left and right measured from the footprint were calculated as follows:

Arch height ratio (mm/mm)=height of the navicular (mm)/foot length (mm) ×100

Toe muscle strength was assessed as the strength of the toe flexor and the abductor hallucis muscle. A toe grip dynamometer (T.K.K. 3365b, Takei Scientific Instruments Co., Ltd. Japan) was used to measure toe flexor strength. The participants were placed in a sitting position, with the hip and knee joints bent at 90 degrees. Prior to the measurement, the grip bar of the toe grip dynamometer was grasped using all the toes and adjusted to a position where it was easy to grip. Furthermore, the ankle joint was fixed using a belt to suppress dorsiflexion/plantarflexion and inversion/eversion of the ankle joint.

A hand-held dynamometer (µTas F-1, Anima Co., Ltd., Japan) was used to measure abductor hallucis muscle strength. Similar to the toe gripping force measurement, participants were in a chair sitting position with the hip and knee joints bent at 90 degrees. The maximum isometric muscle force while abducting the hallux was measured. In addition, the measurement was designed not to involve flexion or extension of the hallux, and inversion of the ankle joint.

Muscle strength was measured three times on the right and left feet, and the maximum value obtained was divided by the body weight for analysis.

Statistical analysis was performed as follows. Using the footprint, HV was classed as an HV angle of ≥16 degrees[@r11]^)^. Based on this criteria, we classified 103 participants into two groups; hemilateral foot or bilateral feet with an HV angle of ≥16 degrees (n=33) and bilateral feet with an HV angle of \<16 degrees (n=70). Height and weight were compared between the two groups using the Mann-Whitney U-test. BMI, foot or toe pain, shoe heel height, and frequency of wearing high-heeled shoes were compared between the two groups using χ^2^ test. Of the 206 feet, 56 feet had an HV angle ≥16° and 150 feet had an HV angle \<16°. The Mann-Whitney U-test was used to compare the arch height ratio, toe flexor strength, and abductor hallucis muscle strength between the two groups. To clarify the correlation, Spearman's correlation coefficient was obtained. SPSS for Windows (Version 25.0; IBM, USA) was used to perform statistical analyses. The significance level was set to less than 5%.

RESULTS {#s3}
=======

[Table 1](#tbl_001){ref-type="table"}Table 1.Comparison of height, weight, BMI, toe pain, and shoe type according to HV angleHV anglep-value\<16° (n=70) bilateral foot≥16° (n=33) hemilateral or bilateral footHeight (cm, mean ± SD)157.3 ± 5.3159.1 ± 5.30.10Weight (kg, mean ± SD)51.8 ± 7.451.2 ± 5.10.99BMI\<18.5 (no)1460.3618.5 to \<25 (no)502725 to \<30 (no)50≥30 (no)10Foot or toe painPresent (no)260.01Absent (no)6827Heel height\<3 (cm, no)26120.903 to \<5 (cm, no)156≥5 (cm, no)2915Frequency of wearing high heels (\>3 cm)Never (no)23110.701--3 (times/week, no)2074--7 (times/week, no)2715 shows height, weight, BMI, foot or toe pain, shoe heel height, and frequency of wearing high-heeled shows of the participants. Pain in the foot or toe was reported by 18.2% with an HV angle ≥16° and 2.9% with an HV angle \<16°, indicating a significant difference (p\<0.05). There was no significant difference between height, weight, BMI, shoe heel height, and frequency of wearing with high-heeled shoes between HV angles ≥16° and \<16°.

[Table 2](#tbl_002){ref-type="table"}Table 2.Comparison of foot morphology and toe muscle strength according to HV angleHV anglep-value\<16°\
(n=150)≥16°\
(n=56)HV angle (degrees)10.9 ± 2.619.6 ± 4.7\<0.00111.0 (9.0--13.0)18.0 (16.0--20.8)Arch height rate (mm/mm)19.3 ± 2.218.5 ± 3.00.0319.4 (17.8--20.7)18.5 (16.1--20.1)Toe flexor strength (kgf/kg)37.1 ± 10.236.1 ± 10.20.3937.2 (29.5--42.7)33.5 (29.2--43.5)Abductor hallucis strength (kgf/kg)2.8 ± 1.02.6 ± 0.90.172.7 (2.1--3.3)2.6 (1.9--3.3)Mean ± standard deviation. Median (25th--75th percentile). shows the arch height ratio, toe flexor strength, and abductor hallucis muscle strength at HV angles ≥16° and \<16°. Arch height ratio was significantly lower with an HV angle ≥16° (p\<0.05).

[Table 3](#tbl_003){ref-type="table"}Table 3.Correlation coefficient of foot morphology and toe muscle strengthTotal feet (n=206 feet)Arch height rate\
(mm/mm)Toe flexor strength\
(kgf/kg)Abductor hallucis strength\
(kgf/kg)HV angle (degrees)−0.15\*−0.07−0.14\*Arch height rate (mm/mm)0.15\*−0.02Toe flexor strength (kgf/kg)0.25\*\*HV angle \<16° (n=150 feet)Arch height rate\
(mm/mm)Toe flexor strength\
(kgf/kg)Abductor hallucis strength\
(kgf/kg)HV angle (degrees)−0.07−0.05−0.12Arch height rate (mm/mm)0.16\*−0.02Toe flexor strength (kgf/kg)0.30\*\*HV angle ≥16° (n=56 feet)Arch height rate\
(mm/mm)Toe flexor strength\
(kgf/kg)Abductor hallucis strength\
(kgf/kg)HV angle (degrees)−0.010.09−0.01Arch height rate (mm/mm)0.04−0.09Toe flexor strength (kgf/kg)0.17\*p\<0.05, \*\*p\<0.01. shows the correlation coefficients between HV angle and arch height ratio and toe muscle strength. In the 206 feet, there was a very weak negative correlation found between HV angle and arch height ratio and abductor hallucis muscle strength (r=−0.15, p\<0.05; r=−0.14, p\<0.05, respectively). In 150 feet with an HV angle \<16°, toe flexor strength showed a very weak correlation with arch height ratio and abductor hallucis muscle strength (r=0.16, p\<0.05; r=0.30, p\<0.01, respectively). However, no correlation was found between these factors in 56 feet with an HV angle ≥16°.

DISCUSSION {#s4}
==========

The present study examined factors affecting the HV angle in female university students. There were no significant differences between BMI, shoe heel height, and frequency of wearing high-heeled shoes between HV angles ≥16° and \<16°.

Okuda et al.[@r12]^)^ investigated the relationship between HV angle and BMI in female university students, but found no correlation. They studied female university students with an average BMI of 20.6 kg/m^2^, all of whom were in the normal range. In our study, the average BMI was 20.7 kg/m^2^ and 97 (94.2%) participants had a BMI of \<25 kg/m^2^. Okuda et al.[@r12]^)^ suggested that BMI is unlikely to affect HV angle in young females with a BMI in the normal range. On the other hand, in a study of participants \>40 years old, females with HV had a high BMI[@r9], [@r10], [@r13]^)^. Furthermore, one study showed that 67% of females aged ≥70 years had a BMI ≥25 kg/m[@r2], [@r13]^)^. In females, aging is associated with an increase in body fat, decrease in muscle volume, and increase in degree of obesity[@r14]^)^. Consequently, BMI continues to increase, and the relationship between HV and BMI becomes significant at age ≥40 years.

Nguyen et al.[@r13]^)^ reported that the incidence of HV was higher in older females who wore high-heeled shoes almost every day between the ages of 20 and 64 years compared with those who did not wear high heels. Wearing high-heeled shoes increases the impact and load on the forefoot[@r15]^)^ and is often accompanied by discomfort and pain. On the other hand, Bac et al.[@r16]^)^ reported that there was no relationship between shoe type and HV angle in a survey of university students. This survey also showed no significant difference in shoe heel height and frequency of wearing high heels. In other words, it is thought that it would take a long time of wearing high shoes to have an impact.

Based on the above, it is apparent that both the period of young age in which BMI is in the normal range and the period of wearing high-heeled shoes are short; therefore, the influence on HV is small. For future prevention of HV, attention must be paid to increases in BMI accompanied by aging, as well as wearing high-heeled shoes for many years. This can be observed as aging directly or by retrospectively assessing younger years in middle-aged and elderly people.

Assessment of foot morphology and toe muscle strength in female university students revealed that the arch height ratio was significantly lower with an HV angle ≥16°. Furthermore, the arch height ratio showed a very weak correlation with toe flexor strength.

The medial longitudinal arch is composed of the calcaneus, talus, navicular, first cuneiform, and first metatarsal bones. A study by Komeda et al.[@r17]^)^ into the position of these bones at the time of loading using X-ray photography in the standing position showed that the navicular bones moved downward in HV. In our study, as the arch height ratio, the height of the navicular bone at the time of loading in the standing position was measured on the body surface.

As the navicular bone declines downwards, the first cuneiform bone also decreases downward so as to become linked to it, and the first metatarsal bone varus and the proximal phalanx of the hallux are involved. However, the results from our study were unable to clarify whether the decrease in the arch height ratio was the cause of the onset of HV or the result of deformation.

Nagano et al.[@r18]^)^ showed a correlation between arch height ratio, toe flexor strength, and tibialis posterior muscle strength in females. Toe flexor strength was measured by pulling the bar connected to the dynamometer using the toes. Therefore, to flex the toes, the flexor hallucis longus/brevis muscle and flexor digitorum longus/brevis muscles act directly. Furthermore, the tibialis anterior and tibialis posterior muscles adhering to the bone that constitutes the medial longitudinal arch act to increase the arch, and as a result, it is possible that the bars are drawn even further. In this study, a very weak correlation was obtained between arch height ratio and toe flexor strength. Our results confirmed a similar tendency to the results reported by Nagano et al[@r18]^)^. On the other hand, while Uritani et al.[@r19]^)^ reported reliability as the cause of the very weak correlation, other factors include: (1) toe length, which determines whether or not the participant is able to grasp the bar for measurement with five toes, (2) those with long toes were able to lift the bars by bending the toes and the bar could not be drawn horizontally, and (3) muscles that act adjunctively, such as the tibialis anterior and tibialis posterior muscles, were thought to be influential. However, one of the mechanisms involved in the occurrence of HV is downward movement of the navicular bone and the first cuneiform bone, the first metatarsal bone varus and the proximal phalange hallux, as well as the medial longitudinal arch; therefore, it may also be helpful to increase toe flexor strength and prevent downward movement of the navicular bone and the first cuneiform bone.

The present study has some limitations. First, minimally invasive measurements such as measurement of the HV angle using a footprint and measurement of the navicular height from the body surface were performed. The results of these measurements may differ compared with direct measurement using X-ray imaging. Second, family history of the participants was not collected. A previous study reported the influence of family history in the development of HV[@r12]^)^. Among the participants with an HV angle of ≥20 degrees, several participants reported that "family has HV." However, since family history data was not recorded for all participants, we had to examine the influence of family history in HV cases from a young age. Third, as the accuracy of the muscle force measurement may have not been optimum, it is difficult to measure only limited muscle force when measuring the maximum muscular strength of a young healthy person, and it is possible that complex muscular strength was measured. Fourth, while relationships were identified between various factors, causality was not clear. Therefore, future studies to clarify causal relationships are necessary.

From this study result, it seems that increasing the toe flexor strength may be useful in young females to prevent downward movement of the navicular bone and the first cuneiform bone in order to prevent HV that increases the onset of HV in females after middle age.
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